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ABSTRACT
Cyclic changes in temperature and humidity in real-life distribution environments
decrease BCT and life-span of standard corrugated containers. As a result, BCT obtained
from testing at standard TAPPI environment may be inadequate to protect the products
inside from damages during real-life distribution. The corrugated containers users need to
understand this concept in order to design a proper corrugated containers at a cost-
efficient price that can retain BCT in these extreme temperature and humidity changes
environments. Wax curtain coating is one of the most commonly used techniques to retain
BCT of corrugated containers that are distributed in short-term high humidity
environment, and usually found in the fresh produce, poultry and meat industries.
In this study, standard and wax curtain coated corrugated containers were top-
loaded with two different safety factors and conditioned in three different cyclic
environments. Every 24 hours, moisture contents and heights of these loaded test
containers were determined to investigate life-span and relationship between moisture
content change and reduction in height. In addition, unloaded standard and wax curtain
coated corrugated containers were conditioned in three different cyclic and constant
environments. The reduction in BCT of these unloaded test containers in each cyclic and
constant environment was investigated after the loaded test containers in that cyclic
environment reached the critical deflection.
The results of the experiment showed that there was a notable difference in
reduction in BCT of the standard unloaded test containers after exposure to every cyclic
and constant environments, but not of the wax curtain coated unloaded test containers.
The life-span of loaded wax curtain coated test containers were also greater than of loaded
standard test containers in every cyclic environment. The greater difference of temperature
in cyclic environment resulted in greater moisture content change of corrugated material.
Thus, both types of test containers experienced the greatest moisture content change in
cyclic cold storage environment. However, due to its most severe temperature and relative
humidity, cyclic tropical environment showed the greatest effect on reduction in BCT,
reduction in height and life-span ofboth types of test containers.
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GLOSSARY
Absorption: A process of taking up moisture from surrounding environment by a
material.
Blocking: Adhering ofwax material on the surface ofone corrugated board to wax
material on the surface of another corrugated board.
Box compression strength: The ability ofa container to resist top-to-bottom
compression loads. Measured in pounds orNewton's.
Box compression testing : A method ofdetermining the ability of a container to resist
top-to-bottom compression loads.
Creep rates: Time dependent deformation of a material under constant stress.
Critical deflection: The deformation and reduction in height that occurs when a container
is subjected to compressive forces. This study will use
0.5"
or 13.00 mm. reduction in
height as the critical deflection because at this point, container cannot longer protect
product inside.
Cyclic environment: Cyclic environment is the condition oftemperature and relative
humidity that fluctuates or changes through a period of time.
Desorption: A process in which moisture residing in the material leaves a material and
enters the surrounding environment.
Life-span: Working life ofcorrugated boxes before failure.
Safety factor (SF): The ratio of the box compression strength at standard conditions to
the maximum stacking load which will be applied to the box in service. For example, for a
box strength of2,000 lbs and an expected load of 500 lbs, the safety factor will be 4.
CHAPTER 1
INTRODUCTION
Box compression strength (BCT) is one of the most important properties of
corrugated containers that enables them to be the major package in product distribution.
However, in some extreme distribution environments which always involve changes in
temperature and humidity, BCT of corrugated containers that obtained from the testing at
standard TAPPI environment (73 F and 50% RH) may be inadequate to protect the
products inside from damages during warehousing and storage situation. This real life
situation is generally defined as static distribution environment.
Cyclic environment is the condition of temperature and relative humidity that
continuously fluctuates or changes through a period of time. It is always found in real-life
situations where product-packed corrugated containers are domestically or internationally
shipped from product manufacturers to final destinations. During distribution, corrugated
containers that are exposed to the cyclic environment will rapidly lose their BCT because
of the extreme changes in temperature and humidity. BCT will decrease when the moisture
content in box material increases. Consequently, the life-span of corrugated containers will
be shortened, and this will cause unneeded damage in the distribution. Therefore, the
product manufacturers need to understand this concept in order to design a proper
corrugated containers at a cost-efficient price that can provide greater, or at least still
retain, BCT in these extreme temperature and humidity changes environments.
Traditionally, wax curtain coating is one of the most commonly used techniques to
retain BCT of corrugated containers. This technique is appropriate for short-term
exposure to extremely high humidity environment which produced high moisture content
in the box, and usually found in the fresh produces, poultry and meats industries.
1
There have been many studies conducted to examine the compression strength of
standard corrugated containers under cyclic environments. Yet, the effect of cyclic
environments on the compression strength ofwax curtain coated corrugated containers
has not been reported.
The objectives of this study are:
To compare the life-span of standard and wax curtain coated corrugated containers
after exposure to cyclic environments.
To compare the reduction in compression strength of standard and wax curtain coated
corrugated containers after exposure to cyclic and constant environments.
To determine the relationship between moisture content change and reduction in
height of standard and wax curtain coated corrugated containers after exposure to
cyclic environments.
1 Koning, John. Corrugated Crossroads. Atlanta: TAPPI PRESS, 1995: 42.
CHAPTER 2
LITERATURE REVIEW
I. Wax Treatments ofCorru2ated Containers for High Humidity Distribution
In the extreme high humidity environment, moisture resistance is one of the most
frequent demands on corrugated containers that can be obtained by wax treatments. The
materials used in wax treatments are modified paraffin wax blends containing
microcrystalline waxes and resins such as latex, polyvinyl acetate, etc. The paraffin waxes
themselves are not suitable because there can be problems with blocking in summer
transport due to their low melting point range (120-160F or 49-71 C). Moreover, due to
their large and platelike crystals, the paraffin waxes are brittle when subjected to scoring,
creasing or
folding.2 Formulations ofwax blends can be tailor-made for different
applications or box-performance requirements and are regarded as proprietary, but all
have safe melting points range in normal anticipated use, and all yield blanks score and
fold withoutcracking.3Wax treatments can be applied in several ways and to various
degrees. Three major methods in applying wax to corrugated containers are described as
follows:
2 Bakker,Marilyn. The Wiley Encyclopedia ofPackaging Technology, 1986. pp.697-700.
3Maltenfort, George G. Corrugated Shipping Containers (New York: Jelmar Publishing, 1988) pp. 174-1 81.
1. Wax Saturation
Wax saturation is the most complete and effective method of retaining box
performance in extreme wet demand packaging.4However, it is the most
expensive among all waxing
methods.5This method is widely used in fruit and
vegetable packaging where fresh produce is packed in the farm and water is
often used to cool the produce to retard spoilage. It involves the total
saturation of the corrugated boards with wax to keep the liners and medium
from falling apart. Other major areas of usage include seafood and plant
nursery packaging.
Wax saturation is done on machine called "cascader", where a corrugated
board is placed on its edge on a conveyor that moves the open end of the flutes
through a stream of hot wax. This hot wax will penetrate and soak all the fibers
in the corrugated board. The excessive wax drains out to be re-used. Dipping
the corrugated board vertically into the tank ofhot wax is another process in
wax saturation. However, the considerable length of time in draining and
drying the corrugated board is a major disadvantage of this waxing method.
4 Wright, P.G. Corrugated Fibreboard Boxes. Their design. Use. Quality Control and Testing.
4th Edition (Victoria:
Endeavour Press, 1992) pp.177-179.
5 Bessen, Howard A. Design and Production of Corrugated Packaging and Displays. (New York: Jelmar, 1990)
pp. 158-166.
2. Partial Wax Impregnation
Partial wax impregnation method has a moderate level ofmoisture resistance
and is usually used in areas where the container is likely to be exposed to high
humidity during storage such as banana box in tropicalclimate.6This method
involves the partial wax impregnation ofboard on the corrugator. The wax
may be applied to the medium, either liner, or all components of the board, as
it is formed on the corrugator. Each component of the combined board will run
through a container of hot wax prior to corrugating. The heat of the
corrugating process will cause this wax to migrate throughout the material.
Hot wax may also be applied on the underside of the corrugated board (which
will become the outside of the corrugated box) at the dry end of the
corrugator. This can be done by an engraved roller which turns in a container
of hot wax, carries the wax on its surface and transfers the wax to the board.
Wax will migrate throughout the fibers by the heat ofhot wax and hot board.
3. Coating
There are two major methods in coating wax to the board after the corrugating
process. Roller coating is the simpler one, which the machine consists of a
roller turning in a heated pan ofmelted wax. Corrugated board will be fed
across this roller and under a pressure roller that assures contact. Wax will be
coated to the underside of the corrugated board which may be outside or inside
6 Wright, P.G. Corrugated Fibreboard Boxes. Their design. Use. Quality Control and Testing. 4* Edition (Victoria:
Endeavour Press, 1992) pp. 177-179.
of the box, depending on how the operator feeds the corrugated board (upright
or upside down). The disadvantages of this method are the uncontrollable and
excessive amount ofwax coated on the corrugated board. Therefore, this
method is not usually used for large
orders.7
Wax curtain coating is a widely used application when precise control over the
entire corrugated board is needed. It is the method of applying a thin,
continuous surface film ofwax to the corrugated board. Wax is hot-melted to
form a "waterfall" curtain ofwax by flooding a pot with a level lip, or by
forcing it out of an enclosed pot under pressure. To assure complete coverage
of the corrugated board as it passes through the "waterfall" curtain, the flow of
melted wax and the speed at which the corrugated board passes through the
curtain will be controlled so that the curtain will be unbroken. In addition, the
amount ofwax used will be controlled with some precision.
Corrugated board can be fed through the curtain in any corrugating direction.
Some corrugated boards that require wax coating on both sides can be
obtained by running it through the curtain coater twice (by turning the coated
side of corrugated board upside down before the second feeding), or two
curtain coaters can be placed in line with an inverter between them. The
inverter is a pair ofwide, twisted belts that hold the corrugated board as it
7 Bessen, Howard A. Design and Production of Corrugated Packaging and Displays. (New York: Jelmar, 1990)
pp. 158-166.
comes out from the first coater, turning it over as it travels and depositing it
the second curtain coater. After coating, cool air will be used to cool the
emerging corrugated board. Wax must be set when the corrugated boards are
stacked, otherwise they might stick together.
For a comparison ofwax usage, curtain coating typically uses 6 pounds per
1000 square feet (30 kilograms per 1000 square meters) for each side coated.
Fullhart studied and compared the costs among curtain coating, wax
impregnating and wax dipping. The result showed that curtain coating is the
most cost effective. By coating a standard box of 275 # test with a surface area
of 12 square feet, cost of curtain coating is approximately 1 1 cents, while wax
dipping costs nearly 31 cents and wax impregnating costs nearly 20
cents.9
Void or unwaxed space on the corrugated board is the major problem
encountered in the curtaincoating.10The problem is any raised part of the
board due to warp or cutting, may not be wax coated when the board goes
through a wax curtain. As a result, the moisture barrier will not be complete.
To prevent this problem, wax must be kept free from impurities that might
hang on the edge of the lip of the wax pot which can cause a break in the
8 Bessen, Howard A. Design and Production ofCorrugated Packaging and Displays. (New York: Jelmar, 1990) p. 158.
9 Lawrence Fullhart Jr., "Curtain Coating Process is One Way to Reduce
Costs," Paperboard Packaging March 1981:
pp.28-34.
10 Bessen, p. 160.
curtain. In addition, wax that misses the corrugated board must be filtered
before being reused.
Both curtain and roller coatings can effectively protect the surface of the
linerboard. However, unlike wax saturation, they cannot prevent water from
entering through the edges of the board that will cause the flutes to lose their
stiffness and consequently decrease in flat crush and compression strength.
In addition, Perkins and Bremner conducted a study of the performance of
partial wax impregnated and curtain coated corrugated containers. They
concluded that the combination of partial wax impregnation and curtain
coating can increase the compression strength retained by a corrugated
container up to 60% after exposure to 95% relative humidity for 6 days.
Curtain coating alone, when it is applied to both sides of the container, is less
effective but still provides a significant barrier against water vapor. This
treatment can also provide significant protection against water under
hydrocooling and icing conditions that found in fresh produces
packaging.11
11 Perkins, L.R.; Bremner, R.O. "Performance of wax-impregnated and curtain coated corrugated
containers."TAPPI
Spring Corrugating Conference Proceedings. 1973: pp.1 1-17.
n. Hysteresis effect
Cellulose, the living fiber which is the major component ofpaper, is naturally
hygroscopic and can absorb moisture in high humidity and desorb it in the drier
environment. Moreover, the strength property of paper is dependent on the ambient
temperature and relative humidity. Therefore, whether the actual moisture content in
paper was obtained by coming down from a previously higher humidity or coming up from
a previously lower humidity environment, will affect the strength property of
paper.12This
phenomenon is known as the hysteresis effect. Wink explained the effect of relative
humidity and temperature on paper properties as follows:
"Typical moisture sorption isotherms for pulp and paper are shown in this figure
(see figure 1). Briefly, on the basis of past studies, it is known that for cellulosic
materials that had never been dried, the first complete desorption curve A and the
first complete absorption curve B, define the outer boundaries of an equilibrium
area. The moisture contents, upon subsequent complete cycles in relative humidity,
fall within the boundaries of this equilibrium area. Partial absorption to a relative
humidity corresponding to the point C, for example, followed by desorption results
approximately in the course shown by the dotted line CD and, similarly, partial
desorption to the point E, followed by absorption results approximately in the
course shown by the dotted line EF Of the materials investigated, all exhibited
sorption isotherms of similar sigmoid shape and displayed hysteresis. The moisture
content for most materials at a constant relative humidity varies inversely with
12 George G. Maltenfort, Corrugated Shipping Containers (New York: Jelmar Publishing, 1988) pp. 196-202.
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temperature throughout the entire humidity range. At temperature up to 100 C
and at constant relative humidity, a liner relation exists between the logarithm of
the moisture content and the reciprocal of the absolute
temperature."
zo 40 60
RELATIVE HUMIDITY, X
Figure 1 : Typical moisture sorption isotherms for pulp and paper, hysteresis effect.
13 Wink W.A. "The Effect ofRelative Humidity and Temperature on Paper
Properties." TAPPI June 1 96 1 : 44(6)
11
Differences of more than 1.5 percent in moisture content can be obtained because
of the hysteresis effect. It is internationally accepted to obtain the reproducible and
comparable corrugated material test results by conditioning corrugated board samples at
very dry atmosphere (so called pre-conditioning - 73F and 30% RH) and at standard
testing environment (73F and 50% RH) before
testing.14
In addition, ASTM D 4332 (Standard Practice for Conditioning Containers,
Packages, or Packaging Components for Testing) stated that if no time period is specified
in the particular test procedure, a period of at least 72 hours to reach the moisture
equilibrium is recommended.
in. Cyclic Environment
The effect of cyclic environment on the strength property of paper has been
reported by Byrd. In his study, short column corrugated board samples were subjected to
edgewise compressive loads while being exposed to cyclic (between 90% and 35% RH)
and constant (90% RH) environments. The results showed that the creep rates of loaded
fiberboard samples under cyclic environment were three to fourteen times greater than
similar ones exposed to a constant
environment.15
14 Markstrom, Hakan. Testing Methods and Instruments for Corrugated Board. Stockholm: Lorentzen&Wettre, 1992:
pp.67-70.
15 Byrd, V.L. "Effect of relative humidity changes on compressive creep response of
paper."Tappi November 1972:
55(11): 1612-1613.
12
Byrd and Koning extended the study of the effect of relative humidity changes on
edgewise compressive creep rates of paper by using various materials such as virgin,
recycled, high-yield and roughwood southern pine pulp - corrugated fiberboards.
Significant differences in creep rates were found for these various corrugated fiberboards
when exposed to cyclic relative humidity, especially high-yield pulp board which had the
highest creep rates. However, insignificant differences were found in creep rates among
the various corrugated fiberboards when tested at constant RH.16
The effect of exposing unloaded standard and fiber-efficient liners boxes to cyclic
humidity conditions was studied by Boonyasarn. In this study, boxes made from two
standard grade linerboards and two fiber-efficient linerboards were exposed to five
different cyclic conditions. These cyclic conditions were designed to simulate real-life
conditions, and each cyclic condition took 6 days. Twelve boxes of each box type were
exposed to each cyclic condition. After each cyclic conditioning was completed, these
boxes were determined for moisture content and compression strength. Twelve additional
boxes of each box type were also conditioned in each cyclic condition. These twelve boxes
were reconditioned for 48 hours at 23 C, 50% RH before their moisture content and
compression strength were determined. The results showed that exposure to cyclic
conditions caused a significant reduction in compression strength of all box types.
However, the boxes made from fiber-efficient linerboards experienced greater loss of
16 Byrd, V.L.; Koning, J.W. Jr. "Corrugated fiberboards: Edgewise compression creep in cyclic relative humidity
environments."Tappi June 1978: 61(6): 35-37.
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strength than boxes made from standard linerboards. Moreover, moisture content in box
material directly influenced loss of compressionstrength.17
Leake and Wojcik studied the influences ofhumidity cycling rates on container
life-spans. They chose a cyclic humidity between a temperate environment of72F, 50%
RH and a tropical environment of 90F, 90% RH. Three humidity cycling rates were used
in this study. The first rate was every 6 hours, the second rate was every 12 hours and the
third rate was every 24 hours. A 200 pound-dead load was placed on the boxes in these
three cycling rates. Moreover, another set of same type boxes was also loaded with the
same 200 pound-dead load but subjected to a constant tropical environment. The results
showed that life-span of containers that exposure to cyclic humidity environments was
shorter than life-span of a container that exposure to a constant tropical environment. The
cycling rates also had a direct effect on the life-span, with longer cycle resulting in shorter
life-span. In addition, the longer cycle resulted in greater moisture content change which
also related to the shorter
life-span.1
17 Boonyasarn, A.; Harte, B.R.; Twede, D.; Lee, J.L. "Effect of cyclic environments on the compression strength of
boxes made from high-performance (fiber-efficient) corrugated
fiberboard." Tappi Journal October 1992: 75(10):
79-85. October 1992.
18 Leake, CH; Wojcik, R.. "Humidity cycling rates: how they influence container life
spans."Tappi Journal October
1993:76(10):26-30.
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IV. Box Compression Strength (BCT)
BCT is generally used to measure the stacking strength of corrugated containers.
There are two reasons why BCT is considered to be the most prominent indicator of the
final box performance.19
1 . BCT is directly related to the stacking performance.
2. Laboratory test ofBCT is a useful tool to evaluate the overall quality of
material and the quality of its manufacture.
However, since the load-bearing properties of corrugated boxes are often of
definitive importance under real-life distribution environments, it should also be said that
BCT only constitutes a general measure of the performance. Realities in the distribution
environments that are different from BCT-testing environment and should be included into
the consideration are as follows20:
1. Corrugated box in real-life is usually filled with contents. These contents will
more or less tend to force the walls of corrugated box to bend outwards.
2. Corrugated box in real-life is subjected to the loads for a long period of time.
3. During transportation, corrugated box in real-life is exposed to different
atmospheric conditions as well as vibrations and shock loads.
4. The load in the stacking of filled corrugated box in real-life warehousing
environments is most likely not uniform as in a BCT-tester.
19 McKee, R.C.; Gander J.W.; Wachuta, J.R., "Edgewise Compression Strength of Corrugated
Board," Paperboard
Packaging November 1961:70
20
Markstrom, Hakan. Testing Methods and Instruments for Corrugated Board. Stockholm: Lorentzen&Wettre, 1992.
p.10
In addition, only 20-35% ofmeasured BCT from practical BCT tests can be relied
upon.21
Therefore, safety factor (SF) is required in calculating the proper BCT for the
real-life distribution environments. Various rules of thumbs are used in selecting SF,
package designer can select SF in the range of 3 to 5 or perhaps more depending on
experience and particular requirements in those specific packaging
applications.22
Nevertheless, the BCT test of corrugated shipping containers is still considered to
be the major method for evaluating the final box
quality.23McKee's formula is another
method to estimate BCT. It was developed by McKee in 1963 to predict BCT without
actual performing compression test (ASTM D 642) on the box. The formula is as follows:
BCT = (5.87) (ECT) V(Zh)
where: ECT= edgewise compression by TAPPI 81 1 method; pounds/inches
Z = box perimeter; inches
h = board caliper; inches
and box shape is regular, i.e. RSC style, depth is at least 1/7 ofbox perimeter and
no any dimension is more than twice any other.
McKee also explained that during box compression, box failure is triggered by
failure of combined board at the vertical edges because both liners and mediums are
21
Markstrom, Hakan. Testing Methods and Instruments for Corrugated Board. Stockholm: Lorentzen&Wettre, 1992.
p.ll
22 Maltenfort, George G. Corrugated Shipping Containers: An Engineering Approach. New York: Jelmar, 1988:
p.125.
23 Maltenfort p.269.
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almost uniformly stressed in edgewise compression. Therefore, the edgewise compression
strength of corrugated board in McKee' s formula is primarily important to predict BCT.
McKee's formula is also generally considered as the simplest formula in designing
corrugated containers. However, in order to successfully design corrugated box for long
term stacking, the package designer must know how much compression strength the box
should be and how much compressive load will be distributed on the box.25 There are
additional factors that the package designer must consider when selecting proper materials
and structures for the corrugated box. These factors include: flute type, printing area, die-
cut pattern, palletized stacking pattern, support of product inside the box, weight of load,
change in relative humidity and rigors of distribution environment.
V. Duration of Load
In the distribution system, the packaged product may be stored for a period of time
in the warehouse. During warehouse stacking, one or more corrugated boxes are
superimposed one upon the other. Therefore, the bottom box is continually subjected to a
constant load.
24 McKee, R.C., Gander, J.W., and Wachuta, J.R. "Compression strength formula for corrugated
boxes' Paperboard
Packaging. August 1963: 48(8): 149-159.
25 Korming, J.W. and Stem, R.K. "Long-term creep in corrugated fiberboard
containers."Tappi. 1977: 60(12):128.
26 ASTM 4577 D 4577-86 (Standard Test Method for Compression Resistance of a Container Under Constant Load)
17
Kellicutt and Landt were among the first who attempted to establish the
relationship between machine compressive strength and stacking strength of corrugated
boxes (percentage ofmachine compressive strength versus duration of load).
"When the dead loads represented a fairly large percentage of the compression test
values, slight changes in the amount of dead load applied to a box changed the
duration considerably. Loads that approached the static compressive strength of
the box caused failures, usually within minutes. Dead loads which were about 60%
of the static compressive strength extended the duration to about amonth."
Therefore, they assumed that if the machine compressive strength of corrugated
boxes was determined at a certain moisture content and the dead load was selected as a
percentage of this machine compressive load, then the load duration or stacking time
curve could be used for these corrugated boxes at that moisture content.27The load
duration curve of this study was shown in Figure 2.
27 Kellicut, K.Q.; Landt, E.F. "Safe stacking life of corrugated
boxes." Fibre Containers September 1951: 36(9):28,
30, 35-36, 38.
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Figure 2: Duration of load tests of corrugated fiberboard boxes conducted in
different atmospheres with various dead loads.
Stott conducted stacking tests of corrugated boxes in different moisture contents.
He found that at 10% moisture content, the test results confirmed Kellicutt's earlier study.
However, at higher moisture content, different relationship between weight of dead load
and duration of load were noted.
28 Stott, R.A. "Compression and stacking strength of corrugated fiberboard
containers."Appita September: 1959:
13(2): 84-89.
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Koning and Stern conducted a series of long-term tests of stacking of corrugated
containers. These containers were placed in the warehouse with dead loads that were
calculated for the expected stack height. The deformations of the containers under the
loads, in inches, were measured each day for one month. These data were plotted on time
chart and the slope of the line that best fitted the points from day 10 to day 30 was
determined to estimate the duration of load.29
As stated in the cyclic environments part of the literature review, the study of the
influences ofhumidity cycling rates on a container life-spans by Leake and Wojcik also
showed the approach of load duration study in the real-life distribution system. Therefore,
the approach by Koning and Stern should be modified, and the tested containers should be
placed in a cyclic humidity condition to obtain the test results that seemed to have more
chance to happen in the realworld.30
29 Koning, J.W. Jr.; Stem, R.K. "Long-term creep in corrugated fiberboard
containers."Tappi July 1977: 60(12): 128-
131.
30 Koning, John. Corrugated Crossroads Atlanta: TAPPI PRESS, 1995: 278.
CHAPTER 3
METHODOLOGY
The objective of this research was to compare and investigate the effects of three
different cyclic conditions on the compression strength of standard and wax curtain coated
corrugated boxes.
Test Materials and Equipment
1. Standard corrugated boxes (SBs)
2. wax curtain coated corrugated boxes (CBs)
3. Weighing scale: Mettler PM 2000
4. Compression strength tester: Tinius Olsen 43595
The standard and wax curtain coated boards were supplied by Jefferson Smurfit
Corporation (Container Division) and converted into test boxes by Cattaraugus Container,
Inc. The descriptions of these test boxes were as follows:
1. Box style: Regular Slotted Container (RSC)
2. Paperboard grade: 42-26-42 (outside liner/medium/inside liner) pounds/1,000
sq. ft., 200 pounds Mullen test, singlewall, C-flute
3. Box Dimension:
9.25"x7.5"x5"
(LxWxD)
4. Manufacturer's joint: Stitched
5. Wax Coating (for CBs) thickness: 4 +/- 2 mil, curtain coated on outside liner
21
The reasons that these specifications were chosen are as follows:
1. RSC is one of the acceptable style in Rule 41 of therailroads'Uniform Freight
Classification (UFC), which specifies the minimum packaging, documentation and
other details for corrugated or solid fiberboard boxes that must be met for acceptance
of a shipment by the almost 350 participating rails carriers.
2. Singlewall accounts for about 90% of all corrugated boxes and the most common
grade consists of two 42-pounds/1000 sq.ft. kraft liners and one 26-pounds/1000 sq.ft.
medium in C-flute31 The basis weight of liners and medium, included the 200 pounds
Mullen test bursting strength of this paperboard grade are also conformed to Rule 41.
3. Box inside dimensions of 9.25"x7.5"x5" is the most common size for small shipping
containers used in seafood, ice cream, dairy and frozen food
industry.32
4. Due to the poor adhesion of conventional and hot melt glue on wax curtain coated
surface, the stitched manufacture's joint was chosen in finishing the test boxes.
5. Curtain coating is the most cost effective wax application on corrugated box,
compared among all wax
applications.33The thickness of 4 +/- 2 mil is the standard
curtain coating specification that Jefferson Smurfit Corporation runs for ordinary
stock.
31 Bakker, Marilyn. The Wiley Encyclopedia ofPackaging Technology. USA: John Wiley & Sons, Inc., 1986: p.68.
32 Internal information, Customer Service Section, Thai Containers Industries Ltd.
33 Fullhart, Lawrence Jr. "Curtain Coating Process is One Way to Reduce
Costs," Paperboard Packaging March 1981:
28.; Bessen, Howard A. Design and Production of Corrugated Packaging and Displays. New York: Jelmar, 1990:
p.160.
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TestMethods
The testing conducted in this study, as shown in Table 1, was performed according
to the following American Society for Testing and Materials (ASTM) standards.
Table 1: Standard Test Methods Used in This Study
Test Method Title
ASTM D 642-90 Standard Test Method for Determining Compressive
Resistance of Shipping Containers, Components, and
Unit Loads
ASTM D 644-89 Standard Test Method for Moisture Content ofPaper
and Paperboard by Oven Drying
ASTMD 1974-92 Standard Practice for Methods ofClosing, Sealing, and
Reinforcing Fiberboard Shipping Containers
ASTM D 4332-89 Standard Practice for Conditioning Containers,
Packages, or Packaging Components for Testing
ASTM D 4577-86 Standard Test Method for Compression Resistance of a
Container Under Constant Load
Experiment Procedure
This research was performed in the packaging laboratory at EASTMAN KODAK
Company, Rochester, New York. All test boxes were conditioned and then evaluated for
their life-span under loads, moisture content changes, compression strength reduction and
height reduction.
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Preconditioning
According to ASTM D 4332-89, all knocked down flat (KDF) test boxes were
preconditioned at a low humidity environment of 70+/-2F, 35+/-3% RH for 96 hours.
Then they were conditioned in TAPPI standard environment of 73+/-3F, 50% RH for 48
hours in order to get more confined moisture equilibrium limit before being cyclic
conditioned.
Box set up
After preconditioning, all KDF test boxes were set up and sealed top and bottom
with pressure sensitive adhesive tape per ASTM D 1974-92.
Sorting
All CBs were weighed and statistically
analyzed.34
Only CBs that ranged in weight
from 195.00 gram to 205.00 gram were used to minimize the variation of coating
thickness.
Initial box compression testing (BCT)
The initial compression strengths ofboth SBs and CBs were determined in
accordance with ASTM D
642-90.35
34 See Appendix A: Sorting CBs
35 See Appendix B: Initial compression strength
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Initial moisture content determination (MCD)
The initial moisture contents ofboth SBs and CBs were determined in accordance
with ASTM D 644-89.36
Selecting dead load
The average initial compression strength of SBs was divided by 3 and 6 to get two
different dead loads (safety factor 3 and safety factor 6) to be placed on top ofboth SBs
and CBs in cyclic conditioning step. Safety factor 3 or SF 3 is commonly employed to
design corrugated box for normal environments, while SF 6 is for specific environment
such as long term storage or extremely high humidity. The procedure of selecting dead
loads and determining the life-span ofboxes under these dead loads were based on ASTM
D 4577-86 (Standard Test Method for Compression Resistance of a Container Under
Constant Load). Figure 3 shows the materials and method of placing dead loads on the
boxes.
Cyclic conditioning
Three different cyclic conditions, as shown in Table 2, were used to condition both
SBs and CBs in this study. The cycle period of24 hours in all cyclic conditions was
selected per the study of the effect of humidity cycling rates on container life-spans by
Leake and Wojcik in 1993.
' See Appendix C: Initial moisture content
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Table 2: Cyclic Conditions Used in This Study
Cyclic Conditions Details
Cyclic tropical Tropical (24 hours) -> TAPPI standard (24 hours) ->
Tropical (24 hours) - TAPPI (24 hours) *...
Cyclic high humidity High humidity (24 hours) -> TAPPI standard (24
hours) -> High humidity (24 hours) -^TAPPI (24
hours) -> . . .
Cyclic cold storage Cold storage (24 hours) -> TAPPI standard (24 hours)
- Cold storage (24 hours) -> TAPPI (24 hours) -...
The details of temperature and relative humidity of each cyclic condition are shown
in the Table 3. These temperatures and relative humidity are in accordance with the
standard and special conditions which laboratories agree to conduct tests.37
Table 3: Temperature and Relative Humidity in cyclic conditions
Conditions Temperature Relative humidity
TAPPI standard 73+/-2F(23+/-l C) 50+/-2.0% RH
Tropical 90+/-2F (32+/-1 C) 90+/-3.0%RH
High humidity 73+/-2F(23+/-l C) 85+/-2.5% RH
Cold Storage 40+/-2F(4+/-l C) 85+/-2.5%RH
37 Fibre Box Association. Fiberbox handbook
20th Edition, IL: Fibre Box Association 1992.
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Three environmental controlled chambers were each set constantly for tropical,
high humidity and cold storage conditions respectively. The physical arrangement ofboxes
in each chamber is identical, as shown in Figure 4.
In each chamber, the following boxes were rotated in and out between the
chamber and TAPPI standard conditioning room in a 24 hours cycle period.
Two SBs and two CBs, top-loaded with SF 3 (SBs-SF3 and CBs-SF3)
Two SBs and two CBs, top-loaded with SF 6 (SBs-SF6 and CBs-SF6)
Two unloaded SBs (for BCT when both of the SBs-SF3 reached the critical
deflection)
Two unloaded SBs (for BCT when both of the SBs-SF6 reached the critical
deflection)
Two unloaded CBs (for BCT when both of the CBs-SF3 reached the critical
deflection)
Two unloaded CBs (for BCT when both of the CBs-SF6 reached the critical
deflection)
Four unloaded SBs and four unloaded CBs (for MCD).
In addition, the following boxes were put constantly in each chamber to represent
the constant conditioning:
Two unloaded SBs (for BCT when both of the SBs-SF3 reached the critical
deflection)
29
Two unloaded SBs (for BCT when both of the SBs-SF6 reached the critical
deflection)
Two unloaded CBs (for BCT when both of the CBs-SF3 reached the critical
deflection)
Two unloaded CBs (for BCT when both of the CBs-SF6 reached the critical
deflection)
Height measurement
The average height was calculated by measuring the heights of the four corners of
each loaded box before a dead load was applied, and every 24 hours after that, until one of
the corners reached its critical deflection.38
Moisture content determination (MCD)
After the first 24 hours of conditioning, two
3"xl.25"
samples were taken from the
first side-panel of the first SBs and CBs for MCD in accordance with ASTM D 644-89.
Pressure sensitive adhesive tape was applied immediately to cover the holes on the cut
panels after the samples were removed. After every 24 hours, the same procedure was
repeated for the second side-panel, third side-panel, fourth side-panel, first top flap,
second top flap, first bottom flap and second bottom flap, and was continued with the
second, third and fourth SBs and CBs. Figure 5 shows the method of cutting these
samples from the boxes forMCD.
1 See Appendix D: Height of loaded boxes
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Box compression testing (BCT)
When any pair of loaded boxes in any cyclic condition reached the critical
deflection, its matched pair of unloaded boxes in both cyclic and constant conditions were
determined in accordance with ASTM D 642-90. During testing, one box at a time was
transported from that chamber to the compression tester to minimize any changes in
moisture content of the board.
The following factors were evaluated to determine the effect of cyclic
environments on box compression strength in this study.
1. Life-span of loaded SBs and CBs in each cyclic condition
2. Moisture content change of SBs and CBs in each cyclic conditions
3. Reduction in compression strength of unloaded SBs and CBs in each cyclic and
constant condition
4. Reduction in height of loaded SBs and CBs in each cyclic conditions
CHAPTER 4
THE RESULTS AND DISCUSSION
After preconditioning the test boxes in a low humidity environment of70+/-2F,
35+/-3% RH for 96 hours and TAPPI standard environment of 73+/-3F, 50% RH for 48
hours, initial compression strength and moisture content of SBs and CBs were determined
as shown in Table 4.
Table 4: Initial Compression Strength and Moisture Content of Test Boxes
Box type initial compression strength* initial moisture content**
SBs 606.6 pounds 6.47%
CBs 636.7 pounds 6.99%
Note: 1. * average of 10 samples
2. ** average of 6 samples
3. The 0.52% difference in moisture content between SBs and CBs can be explained by
insufficient preconditioning time in low humidity environment resulting in insufficient
drying moisture out of CBs. Longer time should be allowed for preconditioning wax coated
board in low humidity environment before conditioning it at TAPPI standard environment.
4. It is a rule of thumb that ifmoisture content increases 1%, compression strength will
decrease by
8%.39 However, the 30.1 pounds or 4.96% difference in box compression
strength between SBs and CBs can be explained by the increased flexural stiffness due to the
curtain wax coating on CBs resulting in higher box compression strength.
Calculation for safety factor and dead load
1 . Safety factor 3 (SF 3) = 606.6/3 = 200 pounds
2. Safety factor 6 (SF 6) = 606.6/6 = 100 pounds
3. Safety factor 4 (SF 4) = 606.6/4 = 150 pounds
39 Markstrom, Hakan. Testing Methods and Instruments for Corruaated Board. Stockholm: Lorentzen&Wettre, 1992:
pp.67-70.
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I. Life-span of loaded SBs and CBs in each cyclic condition
According to the design ofexperiment, in each cyclic environment, two SBs and
two CBs were top-loaded with SF 3, and another set of two SBs and two CBs were top-
loaded with SF 6. However, the two SBs loaded with SF 3 in every cyclic condition
reached the critical deflectionwithin the first day of the experiment. As a result, SF 4 (150
pounds) was used instead of SF 3 for SBs, while SF 3 was still used for CBs because
researcher did not want to interrupt the continuous conditioning process ofCBs-SF3.
Life-span of loaded boxes in each cyclic condition are shown in Table 5 and Figure 6.
Table 5: Life-span of loaded boxes in each cyclic condition
Conditions SBs-SF6 SBs-SF4 SBs-SF3 CBs-SF6 CBs-SF3
Cyclic Tropical 11 days 5 days less than 1 days 15 days 9 days
Cyclic High humidity 13 days 5 days less than 1 days 21 days 15 days
Cyclic Cold storage 15 days 7 days less than 1 days 25 days 19 days
Figure 6: Life-span of loaded boxes in each cyclic condition
SBs-SF6SBs-SF4'='SBs-SF3CBs-SF6CBs-SF3
Cyclic Tropical Cyclic High humidity
Conditions
Cyclic Cold storage
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The results ofpart I have demonstrated that:
1 . Under the same load, life-span ofCBs was higher than SBs in every cyclic
condition.
1.1 SBs-SF3 collapsed within the first day in every cyclic condition. This
result can confirm the rule of thumb in selecting safety factor to design
corrugated box that safety factor 3 is not appropriate for standard
corrugated box in severe distribution environment.
1.2 Life-span ofCBs-SF3 was 9 days longer than SBs-SF4 in cyclic
tropical condition, 15 days longer in cyclic high humidity condition, and
19 days longer in cyclic cold storage cyclic condition.
1.3 Life-span ofCBs-SF6 was 4 days longer than SBs-SF6 in cyclic
tropical condition, 8 days longer in cyclic high humidity condition, and
10 days longer in cyclic cold storage cyclic condition.
2. Life-spans ofCBs-SF3 and SBs-SF6 are comparable. In cyclic tropical
condition, life-span ofCBs-SF3 was 2 days shorter than SBs-SF6. However,
life-span ofCBs-SF3 was 2 days longer than SBs-SF6 in cyclic high humidity
and 4 days longer in cyclic cold storage condition. This could be interpreted
that the performance ofwax curtain coated box seems to be about two times
better than standard box (with same paperboard grade) in cyclic environment.
Therefore, package designers may be able to use safety factor 3 in designing
wax curtain coated corrugated box for severe distribution environment.
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3. Comparisons of life-span of loaded SBs and CBs among three cyclic conditions
showed that:
3.1 Life-spans of SBs-SF4 in cyclic tropical and cyclic high humidity were
equal (5 days), but they were 2 days shorter than cyclic cold storage
condition.
3.2 Life-span of SBs-SF6 in cyclic tropical was 2 days shorter than cyclic
high humidity and 4 days shorter than cyclic cold storage condition.
3.3 Life-span ofCBs-SF3 in cyclic tropical was 6 days shorter than cyclic
high humidity and 10 days shorter than cyclic cold storage condition.
3.4 Life-span ofCBs-SF6 in cyclic tropical was 6 days shorter than cyclic
high humidity and 10 days shorter than cyclic cold storage condition.
This could be interpreted that both loaded SBs and CBs experienced the
shortest life-span in the cyclic tropical condition and the longest life-span in
the cyclic cold storage condition.
II. Moisture content change and reduction in height of loaded SBs and CBs in each
cyclic condition
Moisture content change and reduction in height of loaded SBs and CBs in each
cyclic condition (every 24 hours) were shown in Table 6 and 7. Also, Figure 7, 8, 9 and 10
showed the relationship between % moisture content and reduction in height of SBs-SF6,
SBs-SF4, CBs-SF6 and CBs-SF3 respectively.
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The results of part II have demonstrated that:
1. Every 24 hours cycle period, SBs experienced higher moisture content change
than CBs in every cyclic condition.
1.1 Due to its moisture resistance property, wax curtain coating on outside of
CBs can reduce the moisture content change which is the effect of cyclic
environments. It can slow down both moisture absorption rate when
corrugated box is conditioned in humid environment, and moisture
desorption rate when corrugated box is rotated to be conditioned in TAPPI
standard environment, during cyclic conditioning.
1.2 In cyclic tropical condition, SBs experienced moisture content change
every 24 hours at the average of 5.49% (with standard deviation of 0.33),
while CBs experienced moisture content change every 24 hours at the
average of 1.24% (with standard deviation of 0.48).
1.3 In cyclic high humidity condition, SBs experienced moisture content
change every 24 hours at the average of4.71% (with standard deviation of
0.50), while CBs experienced moisture content change every 24 hours at
the average of 0.76% (with standard deviation of 0.31).
1.4 In cyclic cold storage condition, SBs experienced moisture content change
every 24 hours at the average of 6.42% (with standard deviation of 0.29),
while CBs experienced moisture content change every 24 hours at the
average of 1.76% (with standard deviation of 0.38).
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2. Comparisons ofmoisture content change among three cyclic conditions
showed that:
2.1 Both SBs and CBs experienced the highest moisture content change in the
cyclic cold storage condition because of its highest difference in
temperature (33F difference) between cold storage and TAPPI standard
conditions. The difference in relative humidity between cold storage and
TAPPI standard conditions is also high (35 % RH differences).
2.2 In addition, both SBs and CBs experienced the lowest moisture content
change in the cyclic high humidity condition because there was no
difference in temperature between high humidity and TAPPI standard
conditions. The 35 % difference in relative humidity between high humidity
and TAPPI standard of this cyclic high humidity condition is also the same
as cyclic cold storage condition.
2.3 In cyclic tropical condition, the difference in temperature and relative
humidity between tropical and TAPPI standard conditions were 17F and
40% RH respectively. Although the cyclic tropical condition had the
highest difference in relative humidity, its moisture content changes ofboth
SBs and CBs were less than cyclic cold storage condition.
2.4 This could be interpreted that the greater difference in temperature resulted
in greater moisture content change ofbox materials, while the 5%
difference (40% RH difference in cyclic tropical compared to 35% RH
difference in cyclic high humidity and cyclic cold storage condition) in
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relative humidity among the three cyclic conditions did not affect the
moisture content change ofbox materials.
2.5 The height of SBs reduced faster than CBs in every cyclic condition.
However, reduction in height of both SBs and CBs performed in the same
manner. It rapidly reduced to certain point in the first day and then
gradually reduced for a period of time, and finally, quickly reduced in the
last few days before reaching the critical deflection.
3.1 The heavier load resulted in faster reduction in height and shorter life-span
ofboth SBs and CBs in every cyclic condition.
3.2 Among three cyclic conditions, both SBs and CBs experienced the highest
reduction in height in the cyclic tropical condition and the lowest reduction
in height in the cyclic cold storage condition.
4. None of the loaded boxes in every cyclic condition reached the critical
deflection in the TAPPI standard environment, they appeared to retain the
compression strength in dry environment and loss it in the humid environment.
5. By performing the regression analysis on the rate of reduction in height of
loaded boxes40, the results showed that:
5.1 SBs-SF4 experienced the most constant height reduction rate while CBs-
SF3 experienced the least constant height reduction rate in every cyclic
condition. In addition, loaded SBs experienced more constant height
reduction rate than loaded CBs in every cyclic condition.
40 See Appendix E: Regression Analysis of die height reduction rate
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5.2 All loaded boxes experienced the most constant height reduction rate in
cyclic cold storage condition and the least constant height reduction rate in
cyclic tropical condition.
This could be interpreted that CBs had a better property in retaining the
compression strength than SBs. Therefore, CBs could keep the shape and
height while SBs continued losing them at the constant rate. In addition, the
height reduction rate of all loaded boxes in cyclic cold storage were more
constant than cyclic tropical and cyclic high humidity condition even though
the moisture content change in cyclic cold storage was the greatest among
three cyclic conditions.
HI. Reduction in compression strength of unloaded SBs and CBs in each cyclic and
constant condition
The reduction in compression strength of unloaded SBs and CBs in each cyclic and
constant condition is shown in Table 8. Also, Figure 11, 12, 13 and 14 shows the
reduction in height every 24 hours of SBs-SF4, SBs-SF6, CBs-SF3 and CBs-SF6
respectively.
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Table 8: Reduction in compression strength of unloaded SBs and CBs in each cyclic
condition
Unloaded matched
box of
Day to failure
of loaded box
(days)
Reduction in compression
strength ofunloaded box
(pounds)
Tropical Cyclic
Constant
SBs-SF4 5 218.6
SBs-SF4 5 143.6
Cyclic
Constant
SBs-SF6 11 258.6
SBs-SF6 11 195.6
Cyclic
Constant
CBs-SF3 9 222.7
CBs-SF3 9 208.7
Cyclic
Constant
CBs-SF6 15 238.7
CBs-SF6 15 228.7
High humidity Cyclic
Constant
SBs-SF4 5 202.6
SBs-SF4 5 107.6
Cyclic
Constant
SBs-SF6 13 216.6
SBs-SF6 13 154.6
Cyclic
Constant
CBs-SF3 15 239.7
CBs-SF3 15 220.7
Cyclic
Constant
CBs-SF6 21 240.7
CBs-SF6 21 227.7
Cold storage Cyclic
Constant
SBs-SF4 7 245.6
SBs-SF4 7 150.6
Cyclic
Constant
SBs-SF6 15 279.6
SBs-SF6 15 179.6
Cyclic
Constant
CBs-SF3 19 247.7
CBs-SF3 19 225.7
Cyclic
Constant
CBS-SF6 25 254.7
CBs-SF6 25 228.7
Note: Initial compression strength of SBs = 606.6 pounds
Initial compression strength ofCBs = 636.7 pounds
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The results ofpart III has demonstrated that:
1. There was notable reduction in compression strength in both unloaded SBs and
unloaded CBs after cyclic and constant conditionings.
2. There was notable difference in reduction in compression strength between
exposure to cyclic and constant conditions in SBs, while there was a slight
difference in CBs. This could be interpreted that the cyclic environments had
more effect on the compression strength of corrugated boxes than the constant
environments. However, CBs showed a better ability to withstand the effect of
every cyclic environment than SBs.
3. Among three cyclic conditions, both SBs and CBs experienced the highest
reduction in compression strength in the cyclic tropical condition and the
lowest reduction in compression strength in the cyclic cold storage condition,
in certain time period.
4. In each cyclic and constant condition, the longer conditioning time resulted in
more reduction in compression strength ofboxes.
CHAPTER 5
SUMMARY AND RECOMMENDATIONS
Summary
The summary of the results of this study are as follows:
1 . SBs experienced greater reduction in compression strength, reduction in height
and moisture content change than CBs in every cyclic environment. Therefore,
life-span of SBs was shorter than CBs.
2. Greater change in temperature during cyclic conditioning was the major cause
ofmoisture content change in corrugated board materials. Therefore, standard
corrugated shipping containers in distribution environment with greater
fluctuating temperature distribution environment will absorb and desorb
moisture more than in the constant environment. The moisture content change
was also the major cause ofreduction in compression strength, height and life
span of corrugated containers
3. Although both SBs and CBs experienced the greatest moisture content change
in cyclic cold storage condition, their life-spans were the longest when
compared to similar boxes in cyclic tropical and cyclic high humidity condition.
It can be concluded that in similar relative humidity, lower temperature had less
effect on box compression strength than higher temperature.
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Recommendations
According to the experimental findings, wax curtain coating can notably retain the
compression strength of standard corrugated boxes because of its moisture barrier
property. Many interesting topics that related to this study may be investigated for the
future research, such as the followings:
1. The effect of coating thickness ofwax curtain coating on BCT, life-span or
duration of load, and moisture content change of corrugated containers.
2. Determining duration of load and plotting the load duration curve ofwax
curtain coated corrugated containers under various safety factors in cyclic and
constant environments.
3. Determining the moisture content ofwax curtain coated corrugated containers
under various relative humidity environments in certain time period.
4. Determining the relationship between moisture content in wax curtain coated
corrugated containers and their BCT in various relative humidity environments.
APPENDICES
Appendix A: Sorting of CB
Box no. wt. of CB Box no. wt. of CB Box no. wt. ofCB
1 195.91 31 196.72 61 198.55
2 204.09 32 196.23 62 197.71
3 204.24 33 197.28 63 198.88
4 204.34 34 198.29 64 197.59
5 198.65 35 199.39 65 201.85
6 196.95 36 195.36 66 200.47
7 203.24 37 201.16 67 200.05
8 204.34 38 202.18 68 195.61
9 205.02 39 203.1 69 196.47
10 196.78 40 200.97 70 191.11
11 204.22 41 195.03 71 195.03
12 193.47 42 197.61 72 193.23
13 197.38 43 197.74 73 195.44
14 198.76 44 196.39 74 199.71
15 199.91 45 197.88 75 206.62
16 204.82 46 195.85 76 199.98
17 200.03 47 197.7 77 208.71
18 203.98 48 198.77 78 209.14
19 196.51 49 198.85 79 210.03
20 199.44 50 196.15 80 201.45
21 199.32 51 199.8 81 195.24
22 202.64 52 200.82 82 202.25
23 203.42 53 199.75 83 202.41
24 204.61 54 198.21 84 202.34
25 204.94 55 199.81 85 203.94
26 207.4 56 195.42 86 204.45
27 197.46 57 199.41 87 201.66
28 202.49 58 196.99 88 201.94
29 203.31 59 198 89 201.25
30 204.82 60 200.05 90 201.19
average 200.09
SD 3.74
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Histogram ofCBs' weight
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Appendix B: Initial BCT
Box no. SB CB
1 598 646
2 616 604
3 602 644
4 608 630
5 590 628
6 594 668
7 612 635
8 614 644
9 614 648
10 618 620
average 606.60 636.70
SD 9.94 17.55
Appendix C: Initial MCD
Box no. SB CB
1 6.41 6.9
2 6.41 6.98
3 6.6 6.94
4 6.48 7.02
5 6.42 7.02
6 6.47 7.1
average 6.47 6.99
SD 0.07 0.07
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Appendix E: Regression analysis of height reduction rate
I. Height reduction rate of SBs-SF6 in cyclic tropical condition.
MTB > Regress 'Height' 1 'Day'.
The regression equation is
Height = - 2.53 - 0.920 Day
Predictor Coef Stdev t-ratio P
Constant -2.5288 0.7508 -3.37 0.007
Day -0.9198 0.1156 -7.96 0.000
s = 1 .383 R-sq = 86.4% R-sq(adj) - 85.0%
Analysis ofVariance
SOURCE DF SS MS F P
Regression 1 120.97 120.97 63.29 0.000
Error 10 19.11 1.91
Total 11 140.09
Unusual Observations
Obs. Day Height Fit Stdev.Fit Residual St.Resid
1 0.0 0.000 -2.529 0.751 2.529 2.18R
R denotes an obs. with a large st. resid.
o-
-10-
Regression Fit
Y = -2.52885 -0.919755X
R-Squared = 0.864
95.0% Confidence Band!. 95.0% Prediction Bands
-r-
10
Day
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II. Height reduction rate of SBs-SF6 in cyclic high humidity condition
MTB > Regress "Height' 1 Day'.
The regression equation is
Height = - 2.72 - 0.755 Day
Predictor Coef Stdev t-ratio P
Constant -2.7189 0.5973 -4.55 0.000
Day -0.75490 0.07810 -9.67 0.000
s = 1 . 1 78 R-sq = 88.6% R-sq(adj) = 87.7%
Analysis ofVariance
SOURCE DF SS MS F P
Regression 1 129.65 129.65 93.43 0.000
Error 12 16.65 1.39
Total 13 146.30
Unusual Observations
Obs. Day Height Fit Stdev.Fit Residual St.Resid
1 0.0 0.000 -2.719 0.597 2.719 2.68R
R denotes an obs. with a large st. resid.
Regression Fit
Y = -2.71886 -0.754901X
R-Squared = 0.886
95.0% Confidence Bandi 95.0% Prediction Bands
ft
cD
o-
-10-
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HI. Height reduction rate of SBs-SF6 in cyclic cold storage condition
MTB > Regress 'Height' 1 Day'.
The regression equation is
Height = - 2.08 - 0.681 Day
Predictor Coef Stdev t-ratio P
Constant -2.0798 0.3927 -5.30 0.000
Day -0.68128 0.04461 -15.27 0.000
s = 0.8225 R-sq = 94.3% R-sq(adj) = 93.9%
Analysis ofVariance
SOURCE DF SS MS F P
Regression 1 157.81 157.81 233.25 0.000
Error 14 9.47 0.68
Total 15 167.28
Unusual Observations
Obs. Day Height Fit Stdev.Fit Residual St.Resid
1 0.0 0.000 -2.080 0.393 2.080 2.88R
R denotes an obs. with a large st. resid.
Regression Fit
Y = -2.07978- 0.681 28X
R-Squared = 0.943
95.0% ConfidenceBands 95.0% Prediction Bands
Day
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IV Height reduction rate of SBs-SF4 in cyclic tropical condition
MTB > Regress 'Height' 1 Day'.
The regression equation is
Height = -2.15 -2.42 Day
Predictor Coef Stdev t-ratio P
Constant -2.155 1.176 -1.83 0.141
Day -2.4214 0.3886 -6.23 0.003
s = 1 .626 R-sq = 90.7% R-sq(adj) = 88.3%
Analysis ofVariance
SOURCE DF SS MS F P
Regression 1 102.61 102.61 38.83 0.003
Error 4 10.57 2.64
Total 5 113.18
Regression Fit
Y = -2.15476 -2.42143X
R-Squared = 0.907
95.0% Confidence Bandj 95.0% Prediction Bands
-20-
Day
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V Height reduction rate of SBs-SF4 in cyclic high humidity condition
MTB > Regress "Height' 1 Day'
The regression equation is
Height = - 1.75 -2.48 Day
Predictor Coef Stdev t-ratio P
Constant -1.7524 0.9659 -1.81 0.144
Day -2.4757 0.3190 -7.76 0.001
s = 1 .335 R-sq = 93.8% R-sq(adj) = 92.2%
Analysis ofVariance
SOURCE DF SS MS F P
Regression 1 107.26 107.26 60.23 0.001
Error 4 7.12 1.78
Total 5 114.38
Regression Fit
Y = -1 .75238 -2.47571X
R-Squared = 0.938
95.0% Confidence Bandt. 95.0% Prediction Bands
Day
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VI. Height reduction rate of SBs-SF4 in cyclic cold storage condition
MTB > Regress 'Height' 1 Day'.
The regression equation is
Height = -0.928 -1.77 Day
Predictor Coef Stdev t-ratio P
Constant -0.9283 0.4846 -1.92 0.104
Day -1.7662 0.1158 -15.25 0.000
s = 0.7507 R-sq = 97.5% R-sq(adj) = 97. 1%
Analysis ofVariance
SOURCE DF SS MS F P
Regression 1 131.02 131.02 232.46 0.000
Error 6 3.38 0.56
Total 7 134.40
Unusual Observations
Obs Day Height Fit Stdev.Fit Residual St.Resid
2 1.00 -4.000 -2.695 0.393 -1.305 -2.04R
R denotes an obs. with a large st. resid.
ft
cD
X
o-
-15-
Regression Fit
Y = -9.3E-01 -1.76619X
R-Squared = 0.975
95.0% Confidence Bands 95.0% Prediction Bands
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VII. Height reduction rate ofCBs-SF6 in cyclic tropical condition
MTB > Regress 'Height' 1 Day'.
The regression equation is
Height = - 2.27 - 0.612 Day
Predictor Coef Stdev t-ratio P
Constant -2.2654 0.5081 -4.46 0.001
Day -0.61169 0.05772 -10.60 0.000
s = 1 .064 R-sq = 88.9% R-sq(adj) = 88. 1%
Analysis ofVariance
SOURCE DF SS MS F P
Regression 1 127.22 127.22 112.33 0.000
Error 14 15.86 1.13
Total 15 143.07
Unusual Observations
Obs. Day Height Fit Stdev.Fit Residual St.Resid
1 0.0 0.000 -2.265 0.508 2.265 2.42R
R denotes an obs. with a large st. resid.
Regression Fit
Y = -2.26544 -0.611 691X
R-Squared = 0.889
95.0% Confidence Bands 95.0% Prediction Bands
ft
aj
x
o-
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VIII. Height reduction rate ofCBs-SF6 in cyclic high humidity condition
MTB > Regress 'Height' 1 'Day'.
The regression equation is
Height = 3.04 -0.418 Day
Predictor Coef Stdev t-ratio P
Constant -3.0389 0.3682 -8.25 0.000
Day -0.41763 0.03001 -13.92 0.000
s = 0.893 1 R-sq = 90.6% R-sq(adj) = 90.2%
Analysis ofVariance
SOURCE DF SS MS F P
Regression 1 154.45 154.45 193.65 0.000
Error 20 15.95 0.80
Total 21 170.40
Unusual Observations
Obs. Day Height Fit Stdev.Fit Residual St.Resid
1 0.0 0.000 -3.039 0.368 3.039 3.74R
R denotes an obs. with a large st. resid.
Regression Fit
Y = -3.03893- 0.41 7634X
R-Squared = 0.906
95.0% Confidence Bands 95.0% Prediction Bands
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DC. Height reduction rate ofCBs-SF6 in cyclic cold storage condition
MTB > Regress 'Height' 1 Day'.
The regression equation is
Height = - 2.76 - 0.352 Day
Predictor Coef Stdev t-ratio P
Constant -2.7582 0.3110 -8.87 0.000
Day -0.35224 0.02133 -16.51 0.000
s = 0.8158 R-sq = 91.9% R-sq(adj) = 91.6%
Analysis ofVariance
SOURCE DF SS MS F P
Regression 1 181.45 181.45 272.66 0.000
Error 24 15.97 0.67
Total 25 197.42
Unusual Observations
Obs. Day Height Fit Stdev.Fit Residual St.Resid
1 0.0 0.000 -2.758 0.311 2.758 3.66R
26 25.0 -13.250 -11.564 0.311 -1.686 -2.24R
R denotes an obs. with a large st. resid.
Regression Fit
Y = -2.75821 -0.352236X
R-Squaied = 0.919
95.0% Confidence Bands 95.0% Prediction Bands
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X. Height reduction rate ofCBs-SF3 in cyclic tropical condition
MTB > Regress 'Height' 1 Day'.
The regression equation is
Height = -3.11 - 0.978 Day
Predictor Coef Stdev t-ratio P
Constant -3.108 1.005 -3.09 0.015
Day -0.9782 0.1882 -5.20 0.000
s = 1 .709 R-sq = 77.2% R-sq(adj) = 74.3%
Analysis ofVariance
SOURCE DF SS MS F P
Regression 1 78.939 78.939 27.02 0.000
Error 8 23.370 2.921
Total 9 102.309
Unusual Observations
Obs. Day Height Fit Stdev.Fit Residual St.Resid
1 0.00 0.000 -3.108 1.005 3.108 2.25R
R denotes an obs. with a large st. resid.
Regression Fit
Y = -3.10818 -0.978182X
R-Squared = 0.772
95.0% Confidence Bandj 95.0% Prediction Bands
ft
0-
6-
.
-10-
-15-
Day
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XI. Height reduction rate ofCBs-SF3 in cyclic high humidity condition
MTB > Regress 'Height' 1 Day'.
The regression equation is
Height = - 3.38 - 0.547 Day
Predictor Coef Stdev t-ratio P
Constant -3.3791 0.6026 -5.61 0.000
Day -0.54662 0.06845 -7.99 0.000
s = 1 .262 R-sq = 82.0% R-sq(adj) = 80.7%
Analysis ofVariance
SOURCE DF SS MS F P
Regression 1 101.59 101.59 63.76 0.000
Error 14 22.30 1.59
Total 15 123.89
Unusual Observations
Obs. Day Height Fit Stdev.Fit Residual StResid
1 0.0 0.000 -3.379 0.603 3.379 3.05R
R denotes an obs. with a large st. resid.
ft
aj
x
0-
6-
-10-
-15-
Regression Fit
Y = -3.37912 -0.546618X
R-Squared = 0.820
95.0% Confidence Bandj 95.0% Prediction Bands
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XII. Height reduction rate ofCBs-SF3 in cyclic cold storage condition
MTB > Regress 'Height' 1 Day'
The regression equation is
Height = - 3.64 - 0.424 Day
Predictor Coef Stdev t-ratio P
Constant -3.6369 0.4926 -7.38 0.000
Day -0.42396 0.04432 -9.57 0.000
s = 1.143 R-sq = 83.6% R-sq(adj) = 82.6%
Analysis ofVariance
SOURCE DF SS MS F P
Regression 1 119.53 119.53 91.49 0.000
Error 18 23.52 1.31
Total 19 143.05
Unusual Observations
Obs. Day Height Fit Stdev.Fit Residual St.Resid
1 0.0 0.000 -3.637 0.493 3.637 3.53R
R denotes an obs. with a large st. resid.
ft
as
x
o-
-15-1
Regression Fit
Y = -3.63686 -0.423962X
R-Squared = 0.836
95.0% Confidence Bands 95.0% Prediction Bands
I
10
Day
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